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Abstract

Purpose Microbially induced calcite precipitation (MICP) has been shown to mitigate sand erosion; however, only few
studies have used it on loess soils.

Materials and methods This study used MICP to investigate the effects of this technology on the improvement of the surface
erosion resistance of loess slopes. Polyvinyl acetate (PVAc) was added to the cementation solution to further increase slope
stability.

Results and discussion The obtained results showed that MICP treatment resulted in an improvement of erosion resistance
and treatment with 3 L/m? bacterial suspension of Sporosarcina pasteuriiand 3 L/m? cementation solution (0.75 M of Ca(Ac),
and 0.75 M of urea) achieved the best erosion control and the highest surface strength. However, in rainfall simulation experi-
ment, the eroded loss weight of loess soil in MICP-treated slopes still remained large. After adding PVAc to the cementation
solution, the stability of the loess slope increased significantly and resulted in less soil loss after rainfall erosion and an
increase in surface strength. With 60 g/L. PVAc, the surface strength of the slope decreased by about 130 kPa compared with
40 g/L PVAc because of the thinner depth of cementation. The high erosion resistance of the slope with added PVAc could
be attributed to (1) the network structure of PVAc to affix the calcium carbonate precipitation and (2) the stronger resistance
to tension or shear force from PVAc. These results demonstrated that MICP-PVAc treatment significantly mitigated surface
erosion of loess slopes, which presents promising potential for application in the field.

Keywords Microbially induced calcite precipitation - Polyvinyl acetate - Loess slope - Surface erosion - Calcium carbonate

1 Introduction
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Loess soil is distributed globally and deposited by wind
(Smalley 1995). In China, the loess area occupies about
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630,000 km? and the Loess Plateau is an almost continu-
ous area of loess soils (Gao et al. 2016). Rainfall results
in raindrop splash and runoff erosion, which are the main
expression forms for soil erosion. Water-induced soil erosion
on the Loess Plateau is mainly caused by rainfall (Zhang
and Zhu 2006; Wu et al. 2016; Wang et al. 2006). The
shear strength of the loess changes due to the increase of
the degree of saturation (Derbyshire et al. 2000; Peng et al.
2017). Therefore, exposure to rainfall and irrigation damages
loess slopes (Zhuang et al. 2017; Leng et al. 2018; Qi et al.
2018; Luo et al. 2018).

Recently, several traditional treatment methods (e.g.
engineering interventions, geotextile slope protection, and
chemical treatments) have been widely used in loess slope
engineering to maintain the stability of soil slopes (Juang
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et al. 2019). However, the engineering interventions had
application limitations and cannot improve the water ero-
sion resistance of loess slopes. With regard to the methods
of geotextile slope protection and chemical treatments, the
use of ‘plastic’ or chemicals has negative impact on the
environment because of the difficulty of degradation and
corrosivity, and thus requires more attention in applica-
tions (Xu et al. 2019). Except for these traditional engi-
neering methods, ecological intervention has also been
used to improve the erosion resistance of loess slopes
(Xu et al. 2019). However, the irrigation water required
to maintain the afforestation process will also adversely
affect the stability of the loess slopes (Juang et al. 2019).
Therefore, the use of an effective and environmentally
friendly method is of significance for the mitigation of
loess slope surface erosion.

The cementing properties of produced calcium carbon-
ate (CaCO;) precipitation made microbially induced calcite
precipitation (MICP) widely studied in geological engi-
neering over the past decade (DeJong et al. 2006; Sun et al.
2019a). With regard to slope erosion mitigation, MICP has
been reported to have promising engineering potential in
increasing soil resistance against water erosion (Amin et al.
2017; Wang et al. 2018; Gao et al. 2019). MICP can also
effectively improve the sand erosion resistance and mitigate
water induced erosion (Shanahan and Montoya 2014; Khan
et al. 2015; Salifu et al. 2016; Jiang et al. 2019; Miao et al.
2019). However, few reports investigated the use of MICP
to mitigate loess slope surface erosion. Therefore, MICP
was used in this study for the mitigation of surface erosion
in loess slopes.

Several previous field and laboratory tests have shown that
water can penetrate deep into thick loess soils due to capillary
effects, which results in loss of strength (Derbyshire et al.
2000; Zhuang et al. 2017; Peng et al. 2017). Therefore, differ-
ent from sands, the loess soil collapse upon wetting and thus
cannot be effectively treated by MICP. The treatment effect
of MICP might be impaired because of the particular char-
acteristics of loess soils. In the study of Sun et al. (2020b),
polyvinyl acetate (PVAc) emulsion was added to the reaction
solution to provide additional cementation effect. As a con-
sequence, PVAc emulsion was used in this study to further
stabilize the loess surface structure, so that CaCO; produced
via MICP could fill the pores and cement loess particles.

In the present study, several model loess slopes were pre-
pared, and parts of these artificial loess slopes were treated
with the MICP or MICP-PVAc method. Rainfall was simu-
lated and the characteristics of the eroded surface and the
weight of lost soils were assessed to evaluate the treatment
effect. In addition, MICP-treated and MICP-PVAc-treated
slope models were compared to demonstrate the improve-
ment of erosion resistance after PVAc addition.

2 Materials and methods
2.1 Bacteria and loess soils

This study used the ureolytic bacterium Sporosarcina pas-
teurii (ATCC 11,859, from the Guangdong culture collec-
tion centre of China), which has been commonly used in
previous studies (Whiffin 2004; DeJong et al. 2006; Salifu
et al. 2016). The culture medium contained yeast extract
20.0 g/L, polypeptone 10.0 g/L, (NH,),SO, 4 g/L, NaCl
8.0 g/L, urea 20 g/L, and distilled water. The S. pasteurii
was grown in the medium (initial pH of 7.0) at 30 °C for
48 h.

Previous research indicated that absorbance of the sus-
pension at a wavelength of 600 nm (ODg,) and urease
activity (mM urea hydrolysed - min~") were often used to
represent the growth characteristic and ureolytic activity
of bacteria (Whiffin 2004; Sun et al. 2020a, 2021a; Stocks-
Fischer et al. 1999). The bacterial suspension used for all
tests had an identical 0Dy, of 1.205 (1.1x 10® cell/mL,
0.712 mM urea hydrolysed/min).

Loess soils were sampled from the Loess hilly area
of Ningxia province in China. The particle size of loess
soils used for experiment was measured using hydrom-
eter method in accordance with standard for geotechnical
testing method in China (GB/T 50123-2019), as shown
in Fig. 1. The properties of the loess soil are shown in
Table 1. Moreover, the loess soils contained 5% calcite
(CaCO;) and 1.9% dolomite (CaMg(COs;),). The pre-
treated loess soils contained calcite; however, the calcite
content was similar for all samples. Therefore, the reason
for the mitigation of surface erosion was contributed to the
CaCOj; produced via MICP.
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Fig. 1 Particle size distribution of loess materials
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Table 1 Physical properties of the loess soils

Specific gravity  Plastic limit (%)  Liquid limit (%)

Plasticity index

Particle size composition (%)

Sand content
(0.075-2 mm)

Silty content
(0.002-0.075 mm)

Clay content
(<0.002 mm)

2.698 21.48 31.34 9.86

35 67.3 29.2

2.2 MICP treatment

The tests to determine loess slope erosion and the applica-
tion of treatment solutions were all conducted in a cuboi-
dal container (0.18m X 0.24m X 0.04m). The loess soil was
sedimented using pluviation method to obtain the identi-
cal dry density of 1.52 g/cm®. Three groups of loess slopes
were prepared due to different volumes of the mixed solution
(equal volume of bacterial suspension and cementation solu-
tion). For the subsequent application and promotion of prac-
tical engineering, the amount of the utilized mixed solution
of bacterial suspension and cementation solution (0.75 M of
Ca(Ac), and 0.75 M of urea) was expressed as the spraying
amount per unit area; therefore, the amounts of the mixed
solution for RM-2, RM-4, and RM-6 were 2 L/m?, 4 L/m?,
and 6 L/m?, respectively. The test arrangements are shown
in Table 2. With regard to the control sample in each group
(RC-2, RC-4, and RC-6), the same amount of cementation
solution was sprayed instead to comparatively observe the
erosion behaviour (without bio-cementation). The mixed
solution was uniformly sprayed on the artificial loess slope
surfaces. Several researchers used CaCl, for application of
MICP (Mahawish et al. 2018; Sun et al. 2019b). CaCO,
produced from CaCl, is mainly calcite, but aragonite might
be produced in the presence of calcium acetate, the bond-
ing effect of which is better than that of calcite due to the
larger specific surface area (Tittelboom et al. 2010). Cal-
cium acetate was used to increase the bonding effect. After
treatment, model slopes were air dried at 25 °C for 6 days
(in experiment room) (Fig. S1 in Supporting Information).

2.3 MICP and PVAc treatment

2.3.1 Effect of PVAc addition on bacterial urease activity
and CaCO; production rates

PVAc (CAS: 9003-20-7) emulsion was added to the cemen-
tation solution for better slope erosion mitigation. The PVAc
addition might affect the bacterial activity or the MICP
process. Consequently, before the rainfall simulation tests,
the effect of the addition of PVAc on bacterial activity and
the production rates of CaCOj; (the ratio of the actual pro-
duced amount of CaCOj to the theoretically calculated total
amount) were investigated. The amounts of PVAc were
20 g/L, 40 g/L, and 60 g/L. According to the calculation
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method proposed by Whiffin (2004), the enzyme activity
of the bacterial suspension was obtained after addition of
PVAc. The total volume of the solution was 60 mL; and thus,
the amounts of PVAc were 1.2 g,2.4 g, and 3.6 g.

Table 2 Sample arrangements for the rainfall simulation test and sur-
face strength test

Total amount of Test
solution (L/m?)

Sample no Treatment

RM-2 MICP 2 Rainfall simulation
RC-2 CS 2 test
RM-4 MICP 4
RC-4 CS 4
RM-6 MICP 6
RC-6 CS 6
RP-60 60 g/L PVAc 6
RMP-20  MICP-20 g/L 6
PVAc
RMP-40  MICP-40 g/L. 6
PVAc
RMP-60  MICP-60 g/L 6
PVAc
SM-2 MICP 2 Surface strength
SC-2 CS 2 test
SM-4 MICP 4
SC-4 CS 4
SM-6 MICP 6
SC-6 CS 6
SP-60 60 g/L PVAc 6
SMP-20  MICP-20 g/L 6
PVAc
SMP-40  MICP-40 g/L 6
PVAc
SMP-60  MICP-60 g/L 6
PVAc

CS cementation solution, MICP microbially induced calcite precipita-
tion, PVAc polyvinyl acetate

The slopes RM-2, RM-4, and RM-6 were treated with MICP, while
the slopes RC-2, RC-4, and RC-6 were only treated with cementa-
tion solution. The slope RP-60 was treated with 60 g/LL PVAc. The
slopes RMP-20, RMP-40, and RMP-60 were treated with MICP, and
various amounts of PVAc (20 g/L, 40 g/L, and 60 g/L) were added.
The slopes SM-2, SM-4, and SM-6 were treated with MICP, while
the slopes SC-2, SC-4, and SC-6 were only treated with cementation
solution. The slope SP-60 was treated with 60 g/L PVAc. The slopes
SMP-20, SMP-40, and SMP-60 were treated with MICP, and various
amounts of PVAc (20 g/L, 40 g/L, and 60 g/L) were added
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To investigate the effect of PVAc addition on the produc-
tion rates of CaCO;, PVAc was added to the cementation
solution. Samples were divided into four groups according
to the amount of PVAc used (0 g/L, 20 g/L, 40 g/L, and
60 g/L). Every group consisted of three parallel samples,
all with an original pH of 7.0. In this study, the precipitated
CaCOj; was directly evaluated in transparent polypropylene
tubes at a room temperature of 25 °C. Twenty millilitres of
bacterial suspension of S. pasteurii with an ODg, of 1.205
was mixed with 20 mL of cementation solution. The precipi-
tation rate of CaCO; was obtained using the acid leaching
method after 48 h (Sun et al. 2018). The actual amount of
precipitation was the difference between dried mass of the
samples before and after rinsing with 1 M diluted hydrochlo-
ric acid. The theoretical total mass of CaCO; was evaluated
by C X V XM X t, where C represents the concentration of
calcium ions in the cementation solution in mol/L, V repre-
sents the solution volume in L, M represents the molar mass
of CaCO; (100.087 g/mol), and t represents the solidifying
time in days.

2.3.2 Treating slope with MICP and PVAc

To compare the curing effect of PVAc addition on loess
slopes, various amounts of PVAc were added to the cemen-
tation solution. Five samples were prepared, as shown in
Table 2. The sample RMP-20, RMP-40, and RMP-60 were
treated with MICP, and various amounts of PVAc (20 g/L,
40 g/L, and 60 g/L) were added. Sample RP-60 was sprayed
the same amount of solution of PVAc (60 g/L) instead. Simi-
larly, the slopes were dried at 25 °C for 6 days (in experi-
ment room).

Fig.2 Set-up of the rainfall
simulation test

2.4 Rainfall simulation test

In reference to the method of Jiang et al. (2019), the slope
angle was fixed at 30°. The rainfall intensity was controlled
by a valve, at 3 mm/min (180 mm/h) to simulate a heavy
storm (Fig. 2). During rainfall simulation, the water (pH of
about 7.8) was sprayed uniformly by a sprayer head with 16
holes (diameter of 1 mm) on the loess slope surface. Pictures
were taken by a digital camera to observe the surface erosion
pattern. The dry weight of the lost loess soils collected with
a collection vessel beneath the loess slope was measured at
1,2,3,5,7, 10, 15, 20, 30, 40, and 50 min. During treat-
ment, the sealed container prevented any leakage confined
the cementing solution into the pores of the treated soil for
longer times. This would enhance the cementing efficiency
compare to the same treatment performed into the field. This
effect could be considered an upper limit for the efficiency
of the treatment. New slopes were prepared and the rainfall
simulation test was repeated three times to ensure the cor-
rectness of the results.

2.5 Surface strength test

Several samples were prepared with the same treatment con-
ditions. These samples had not experienced rainfall erosion
test, but surface strength test (Table 2) with a soil penetrom-
eter (type: WISO-750-1, Juchuang company, China). After
choosing six measuring points, the penetrometer (diame-
ter of 0.5 cm) was perpendicularly pushed on ‘virgin® soil
surface and at time of reading the tip was 2 cm embedded
into the soil. Previous researchers used surface strength to
evaluate the surface treatment effect of sand soils (Ulusay
and Erguler 2012; Miao et al. 2019). For loess soils, the
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correlation between needle penetration resistance (NPR) and
unconfined compressive strength (UCS) was different from
sand soils. However, the surface strength in ‘kPa’ was still
used in this study for convenient comparison.

2.6 Scanning electron microscope test

After rainfall simulation test, the surface soils in slopes
SM-6 and SMP-60 were sampled for scanning electron
microscope (SEM) test using the apparatus (type: JISM-6300,
JEOL company, Japan) to study the crystal shape. The thick-
ness of the soil for this test was 1-2 mm.

3 Test results and analysis

3.1 Slopes treated only with MICP

3.1.1 Rainfall erosion observation

The results from the rainfall erosion observation under simu-
lated rainfall at 5, 10, and 20 min are shown in Fig. 3. For
untreated slopes (RC-2, RC-4, and RC-6), the surface ero-

sion pattern was similar and surface erosion could be clearly
observed at 5 min. A great amount of loess soils at the top

Fig. 3 Visual observation of surface erosion patterns of slopes treated
with MICP and subjected to artificial rainfall for indicated durations:
a RC-2, 5 min; b RC-2, 10 min; ¢ RC-2, 20 min; d RM-2, 5 min; e
RM-2, 10 min; f RM-2, 20 min; g RM-4, 5 min; h RM-4, 10 min; i
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of the slope was washed into the collection vessel (Fig. 3a).
At 10 min, more loess soils were washed out from slopes
(Fig. 3b); and only a small amount of loess soils remained
in the container at 20 min, (Fig. 3c).

For the MICP-treaded samples, the stability of the slope
was greater and no loess collapse was observed. In contrast
to untreated slopes, soil at the bottom of the slope (RM-2)
was washed out at 5 min (Fig. 3d) might due to surface ero-
sion, not slope collapse. Figure 3e shows that at 10 min,
the amount of soil loss was still small, but damage began to
spread from the bottom. After 20 min, the slope remained
significantly damaged (Fig. 3f). The damage of RM-4 was
smaller and had better integrity at 5 min and 10 min (Fig. 3g
and h). At 20 min, there was still a whole part on the upper
of RM-4, as shown in Fig. 3i. Slope RM-6 achieved better
erosion mitigation. Figure 3j shows that a portion of the
slope surface at the bottom of the slope was washed away
within 5 min. However, after that, less loess soil was washed
out from the bottom of the slope. This was because no lower
drainage was present and a large amount of the mixed solu-
tion remained at the bottom of the slope because of gravity,
which cemented the loess particles together and moved the
erosion position to the upper part of the sample (Fig. 3k). At
20 min, soil loss was much less significant than in the other
two MICP cases (Fig. 31).

j k 1

RM-4, 20 min; j RM-6, 5 min; k RM-6, 10 min; and 1 RM-6, 20 min.
Note: The slopes RM-2, RM-4, and RM-6 were treated with MICP,
while the slope RC-2 was only treated with cementation solution
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3.1.2 Soil loss weight and surface strength

For untreated slopes, spraying more cementation solution
would not mitigate surface erosion (Fig. 4). After erosion for
50 min, the value even reached 90%. When the amount of
solution was 4 L/m? or 6 L/m?, the MICP treatment resulted
in a highly significant decrease of the percentage of eroded
soil compared with the samples sprayed cementation solu-
tion (P <0.01). The rate of the percentage of accumulative
soil loss weight decreased at first. Sample RM-2 and RM-4
seemed reactivating higher erosion rates between 30 and
50 min. The total percentages of eroded loess soils in RM-2,
RM-4, and RM-6 after 50 min of exposure to rainfall were
about 80%, 65%, and 47%, respectively. The same reactivat-
ing phenomenon happened for RM-6 at 40 to 50 min; how-
ever, the total percentage of eroded soil highly significantly
decreased with the amount of solution increasing from 4 to
6 L/m? (P<0.01). The cementation effect was worse than
that reported by Jiang et al. (2019). The reason was that the
total volume of the bacterial solution and the cementation
solution used was less and the curing time was shorter. The
results were consistent within the rainfall simulation tests.
A better cementation effect was contributed to a higher mass
of CaCO;.

Figure 5 shows that in response to spraying cementation
solution from 2 to 4 L/m?, the surface strength increased
significantly from 156 to 260 kPa (P <0.05). This was
because the loess sample contained a portion of clay soil,
which would shrink and thus increase strength. However,
with spraying cementation solution 6 L/m?, the surface
strength insignificantly increased to 327 kPa (P> 0.05). In

Fig.4 Accumulative soil loss 100%

addition, the salt would provide the cementation effect and
also increase the strength of loess soil in dry conditions.
After treatment with MICP, the surface strength further
increased because of the produced CaCO;. For the amount
of solution of 4 L/m?, the increase was significant (P <0.05);
and for the amount of solution of 6 L/m?2, the increase was
highly significant (P <0.01). With increased concentration
of PVAc, the surface strength always significantly increased
(P <0.05). The loess slope RM-6 had a clearly larger surface
strength (442 kPa), which resulted from more CaCOj; pre-
cipitation. This result confirmed that CaCO; precipitation
can also cement loess particles.

In conclusion, MICP treatment indeed improves loess
slope stability, mitigate surface erosion, and increases sur-
face strength. The soil loss in RM-6, however, was still
significantly higher than the results of previous research in
sand (Salifu et al. 2016; Jiang et al. 2019). Therefore, PVAc
addition was proposed to effectively and efficiently control
loess slope surface erosion.

3.2 Slopes treated with MICP and PVAc

3.2.1 Effect of PVAc addition on bacterial urease activity
and CaCOj; production rates

To investigate the effect of PVAc addition on bacterial ure-
ase activity, various concentrations of PVAc were added to
urea solution. After adding PVAc, the urease activity only
experienced a slight fluctuation, as shown in Fig. 6a. The
treatment effect was affected by the amount of CaCO; pro-
duced. It was necessary to study the effect of PVAc addition
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on the production rates of CaCO;. Figure 6b shows that with
increasing PVAc concentration, there was little change on
production rates for CaCOj. There is no significant differ-
ence between the values in Fig. 6a and b (P <0.05). There-
fore, adding PVAc had little impact on both the urease activ-
ity and production rates for CaCOj.

3.2.2 Rainfall erosion observation

After combined treatment with MICP and PVAc, the sta-
bility of the loess slope improved significantly. Because

-
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changes could not be observed within a short time, the time
span of observation in Fig. 7 increased compared that use
for Fig. 3.

In contrast to slopes treated with MICP alone, no slope
collapse or soil surface erosion was observed at 10 min
(Fig. 7a, d, and g). For RMP-20, a crack at the upper slope
emerged at 20 min (Fig. 7b). At 50 min, the slope was
destroyed because water entered from the interior of the
sample through cracks and destroyed the internal structure
(Fig. 7c). Observing the samples after destruction showed
that there was a thin hard surface crust. This hard surface
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Fig.6 Urease activity and production rates of calcium carbonate after PVAc addition: a urease activity; b production rates for calcium carbon-

ate. Note: PVAc is polyvinyl acetate
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Hard surface
crust

g

Fig. 7 Visual observation of surface erosion patterns of slopes treated
with MICP and PVAc: a RMP-20, 10 min; b RMP-20, 20 min; ¢
RMP-20, 50 min; d RMP-40, 10 min; e RMP-40, 20 min; f RMP-40,
50 min; g RMP-60, 10 min; h RMP-60, 20 min; i RMP-60, 50 min.

crust was primarily composed of CaCO5 minerals (Jiang
et al. 2019). With regard to slope RMP-40, Fig. 7e shows a
smaller crack at 20 min. However, the growth speed of this
crack was lower and after 50 min of exposure to rainfall, the
crack still remained small due to better cementing effect.
The uplift happened at the bottom of the slope and it did
not break after 50 min (Fig. 7f). This was because water
entered the interior of the sample (RMP-40), causing part of
the loess soil to flow down. The slope RMP-60 had a more
resistant and homogeneous surface compared with the other
two slopes. Figure 7h shows that no crack appeared within
20 min. However, a small crack appeared on the upper part
of the specimen, at 50 min; and this uplift was much smaller
than that of slope RMP-40 (Fig. 7i).

3.2.3 Soil loss weight and surface strength

The slope RP-60 experienced a large loess soils loss from
30 to 50 min (Fig. 8), which was attributed to a lower
cementation limit. With regard to slopes treated with both
MICP and PVAc, the weights of the lost loess soils were
much lower than those for RP-60 and RM-6. There were
highly significant decreases between RP-60 and RMP-60,

Note: MICP is microbially induced calcite precipitation. PVAc is
polyvinyl acetate. The slopes RMP-20, RMP-40, and RMP-60 were
treated with MICP, and various amounts of PVAc (20 g/L, 40 g/L,
and 60 g/L) were added

RM-6 and RMP-20 (P <0.01). During the initial 15 min,
the amounts of lost loess soils were almost zero. After that,
a small amount of soil in slope RMP-20 was washed out;
however, the accumulative loess soils loss weights of slopes
RMP-40 and RMP-60 still remained zero because of their
better cementing effect. The eventual accumulative loess loss
weights of RMP-40 and RMP-60 after 50 min of exposure
to rainfall were only 3.04 and O g, respectively. The better
curing effect of RMP-40 and RMP-60 was contributed to the
higher concentration of PVAc, which highly significantly
decreased the eventual accumulative loess loss weights
(P<0.01) compared with RMP-20.

The surface strengths of slope SP-60 and SM-6 were
smaller than the slopes treated with both MICP and PVAc
(Fig. 9). When the concentration of PVAc was 20 g/L, there
is no significant increase of surface strength between SMP-
20 and SP-60, or SMP-20 and SM-6 (P> 0.05). However,
with PVAc concentration increasing to 40 g/L, there was a
highly significant increase in surface strength for the loess
slope SMP-40 (657 kPa) (P <0.01). However, with add-
ing PVAc of 60 g/L, the surface strength of slope SMP-
60 highly significantly decreased more than that of slope
SMP-40 (P <0.01), while still remaining higher than that of
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Table 3 Cementation layer thickness of slopes treated with different
methods

Sample no  Average cemented Viscosity Treatment

layer thickness (mm) (mPa-s)
SP-60 10.1 370 60 g/L PVAc
SM-6 24.0 / MICP
SMP-20 17.4 149 MICP-20 g/L PVAc
SMP-40 10.6 256 MICP-40 g/L PVAc
SMP-60 9.3 370 MICP-60 g/L. PVAc

MICP microbially induced calcite precipitation, PVAc polyvinyl acetate

Viscosity refers to the viscosity of PVAc solution

SM-6 treated with MICP, the thickness of the cemented layer
was 24.0 mm. For SMP-20, SMP-40, and SMP-60, the thick-
nesses of the cemented layer were much lower than in SM-6.
The viscosity of the PVAc emulsion limited the imbibition
depth of the soil when treated with PVAc, eventually lead-
ing to smaller thicknesses of the cemented layer than slope
SP-60 (10.1 mm). With regard to SMP-60, despite the thin-
ner cemented layer, MICP-PVAc treatment allowed for a
higher strength against surface erosion than PVAc treatment
alone and MICP treatment alone. It was found that a higher
concentration of PVAc in cementation solution resulted in
a thinner cemented layer. This was because PVAc addition
would clog near-surface soil pores. With higher PVAc con-
centration, the mixed solution would be harder to percolate
into deeper soil. Furthermore, even if the cemented layer
thicknesses of SMP-40 and SMP-60 were less than those of
SM-6 and SMP-20, their erosion resistance was significantly
better (Figs. 7 and 8). The high erosion resistances of SMP-
40 and SMP-60 were attributed to (1) the network structure
of PVAc to affix the CaCO; precipitation and (2) the stronger
cementation effect from MICP and PVAc. Both hypotheses
will be further analysed in the “Discussion” section.

3.2.5 Scanning electron microscope test

SEM testing can be used to compare the difference among
soil specimen from a microscopic perspective (Delage et al.
2006). Figure 10a shows that in response to MICP treatment,
a large number of CaCO; crystals were produced between
loess particles. In addition to their bridge function, CaCO,
crystals were also deposited on the surface of loess particles
as schematized in Fig. 11. Compared to SM-6, the MICP-
PVAc treatment on SMP-60 coated several loess particles by
PVAc and CaCOj; crystals together, which formed a layer-
like film. Moreover, loess particles were contacted by PVAc
and CaCOj crystals together (Fig. 10b).

Furthermore, in response to MICP treatment, most
CaCO; crystals were vaterite with a size of about 3-5 pm
(Fig. 10c). In addition to spherical crystals, few amorphous
crystals were found. However, in contrast to SM-6, most

CaCO; crystals in Fig. 10d were amorphous crystals. The
size of CaCOj crystals remained below 1 pm, and these
small crystals were clumped together.

4 Discussion

4.1 Treatment of MICP for loess slope surface
erosion mitigation

Rainfall-erosion resistance depends on cementation micro-
structure, shearing mode, confining stress, and relative den-
sities (among other factors) (Dejong et al. 2006; Chang et al.
2015; Zhan et al. 2016; Sun et al. 2021c¢). In the application
of MICP method for sandy-slope surface erosion control,
with a concentration of reagent below 1.0 M, CaCO; crys-
tals preferably stay between particle contacts (Seagren and
Aydilek 2010; Jiang et al. 2019). In other words, most par-
ticle contacts are bridged by CaCOj crystals, which lead to
stronger intergranular binding. The CaCOj; crystals between
particle contacts allowed for an effective improvement of the
shear resistance of treated soils (Nafisi et al. 2020a, 2020b).
The predominant particle contacts deposition is also the
major contributor to erosion resistance (Salifu et al. 2016).
Previous studies have proved that the MICP method has
promising engineering potential to mitigate the sandy-slope
surface erosion (Amin et al. 2017; Gao et al. 2019; Wang
et al. 2018; Shanahan and Montoya 2014; Khan et al. 2015;
Salifu et al. 2016).

Similarly, in the loess slope surface erosion mitigation,
the intergranular binding also contributes to the enhanced
erosion resistance. Several previous studies proved that
CaCO; crystals between particle contacts are more effective
than coated ones in terms of enhancing intergranular bind-
ing (DelJong et al. 2010; Al Qabany et al. 2012; Al Qabany
and Soga 2013). Therefore, the cementation solution should
be in favour of new CaCOj crystal nucleation than existing
crystal growth. In this study, the loess soil used was much
smaller than sands. When the concentration of reagents in
the cementation solution was higher, most of the formed
CaCO; would stack up on the top of surface soil instead of
producing between granular cementation. Moreover, with
lower concentration of reagent, there would be predomi-
nantly unclogged large voids. Therefore, the concentration
of reagent in the cementation solution was 0.75 M for the
loess slope surface erosion mitigation. With regard to the
MICP-treated loess slope SM-6, a large number of CaCO;
crystals were produced between loess particles (Fig. 10a),
which was the reason for the enhanced erosion resistance.
The concentration of reagent in this study was lower than
that for the sand-slope S2 in Jiang et al. (2019); therefore,
the size of CaCO; crystals in loess slope SM-6 in this study
was smaller.
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Fig. 10 SEM images of treated slopes after rainfall simulation tests: a
SM-6, magnification=2500%; b SMP-60, magnification=2500%; ¢
SM-6, magnification=20,000 X ; d SMP-60, magnification =20,000 X .

In treated loess, the MICP treatment also created bridges
between loess particles. However, in contrast to sand-slopes,
there are a large number of large pores in loess slopes (Sun
et al. 2021b). After solidification, these large pores could not
be completely filled by CaCOj; precipitation. Consequently,
the whole skeleton of loess soil could not be well stabilized
with the MICP method alone. When the MICP-treated loess

@ Springer
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Note: The slope SM-6 was treated with MICP alone, and the slope
SMP-60 was treated with MICP, and 60 g/L of PVAc

slopes experienced a prolonged rainfall erosion, water can
penetrate deep into thick loess soils, which results in loss of
strength (Derbyshire et al. 2000; Zhuang et al. 2017; Peng
et al. 2017). Therefore, the enhanced erosion resistance
resulted from the MICP method was not sufficient and a
better treatment was necessary to mitigate loess slope sur-
face erosion.
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Fig. 11 Schematic diagram of cementation between particles

4.2 Treatment of MICP and PVAc together

PVAc was added in this study for better slope erosion
mitigation. The PVAc emulsion is mainly composed of
a vinyl acetate (VAc) monomer (Dossi et al. 2010; Rosdi
and Ariffin 2016; Ahmed et al. 2017; Gordon et al. 2019).
Several non-traditional additives such as polymers, geo-
polymers, and biopolymers have been studied for soil
strength improvement (Bu et al. 2019; Ghasemzadeh and
Modiri 2020; Soldo et al. 2020). In previous studies, these
additives (e.g. acrylic polymers, PVAc, and Persian gum)
have been proved to be nontoxic and can be categorized
as environmentally friendly water-based soil stabilizers
(Zhang et al. 2018; Bu et al. 2019; Ghasemzadeh et al.
2020). Therefore, the PVAc emulsion used herein does not
negatively impact the environment.

If PVAc was used for slope treatment, the volume would
be large, resulting in higher costs. PVAc emulsions have
satisfactory gap-filling properties (Shields 1984). Therefore,
similarly to Sun et al. (2020b), PVAc and MICP was used
together to bond particles and form a more stable structure
(Fig. 11). With low PVAc concentration, the microstructure
forms a network structure (Jazi et al. 2019). This decreases
the cost by decreasing the required PVAc concentration.

In addition, the network structure of PVAc might have
four advantages in the improvement of loess slope surface
erosion resistance:

The first advantage is that the network structure of PVAc
can provide bonding force and tension force between loess
particles (Fig. 10b), which is beneficial to stabilize the

macroporous skeleton of loess and enhance the surface ero-
sion resistance. The better stability of MICP-PVAc-treated
loess slopes has been demonstrated by Figs. 8 and 9.

The second advantage is that the network structure of
PVAc is beneficial to affix the CaCO;. Miao et al. (2019)
also reported that polyacrylamide had the same effect. Most
CaCOj crystals in SMP-60 were held in place by PVAc
(Fig. 10d). The CaCO; crystals were small and clumped
together. The reason was that the mineral structure of CaCO,
crystals was affected by PVAc, so that the crystals could not
grow into a large sphere, but rather, grew into a group of
amorphous crystals. The more stable spatial net structure in
SMP-60 was confirmed by SEM photo. Zhao et al. (2016)
also demonstrated that poly (acrylic acid) (PAA) can work
with enzyme-induced carbonate precipitation (EICP) to form
more stable spatial structure.

De Jong et al. (2006) found that for samples treated with
MICP, most of the failure interface was inside CaCOs, i.e. the
generated CaCO; was fractured inside after failure. Therefore,
it was necessary to increase the shear resistance. Sun et al.
(2021c¢) reported that the addition of PVAc increased friction
angle and cohesion of treated soils. With the addition of PVAc,
the network structure can provide stronger shear resistance,
thus avoiding CaCOj fracture inside and improving the slope
stability. It is the third advantage of the PVAc addition.

With regard to the fourth advantage, compared with the
loess slope SM-6 (MICP treatment alone), in SMP-60 with
MICP-PVAc treatment, PVAc and CaCO; crystals resembled
a film to coat loess particles (Fig. 10b). The film can prevent
water from penetrating deep into thick loess soils, i.e. the film
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can prevent rainfall from damaging loess skeleton structure.
The film might further mitigate the rainfall erosion, which also
deserves further proof and study.

The combination of these two additives in soil improvement
was investigated for the first time. However, the tests conducted
in this paper have demonstrated that the MICP treatment can
improve the erosion resistance of loess slopes and the addition
of PVAc can further improve the slope stability. More macro
or microscale tests can be conducted in subsequent studies to
prove its effectiveness for practical applications.

5 Ecological compatibility

Ecological intervention is still a good method to improve
the erosion resistance of loess slopes despite its limitations
(Xu et al. 2019). If the MICP-PVAc method proposed in
this study was combined with the ecological intervention,
the stability of loess slope surface would be significantly
improved. Firstly, the loess particles would be cemented by
CaCOj crystals and PVAc, providing more time for plant
growth and impairing the effect of irrigation water. Sec-
ondly, the voids of loess soils were filled, and a crust layer
formed, which allowed for an improvement of water reten-
tion capacity (Chang et al. 2015; Zhan et al. 2016; Saffari
et al. 2019). Better water retention capacity enabled the quick
plant growth (Tran et al. 2019). Moreover, in this study, both
the nutrient medium used for bacterial culture and urea in
the cementation solution contained carbon and nitrogen
fertilizer for plant growth. The ecological compatibility of
EICP has been preliminary studied by Sun et al. (2020b).
They found grass seeds could survive in the alkaline environ-
ment produced by the EICP; and the area with the combined
EICP-PVAc and grass seeds treatment had a higher surface
strength. Therefore, the MICP-PVAc method proposed in this
study had good ecological compatibility. However, the thick-
ness of crust layer also affected the seedlings’ bud rate (Zhan
et al. 2016); therefore, with regard to the ecological compat-
ibility of combined EICP-PVAc and grass seeds treatment,
it deserves further study.

6 Mitigation of landslides

The landslide of loess slopes is related to internal factors
(e.g. slope structure, topography, and physical and chemi-
cal properties of soil) and external factors (e.g. rainfall,
human engineering activities). The shallow landslides are
often induced by surface water erosion and groundwater ero-
sion (Van Asch et al. 1999; Huo et al. 2019). Rainfall is the
most important factor to trigger landslides (Huo et al. 2020).
Water flow is formed due to the confluence process, which
promotes the development of surface erosion. The water flow
caused several channels, which had a strong downcutting

@ Springer

effect on the structure of loess slopes, leading to the damage
of loess slopes. With the further development of downcut-
ting effect, collapses or landslides often happen because of
gravity. The eroded loess soil along with the water flow is
also an important effect to trigger landslides. It is unlikely
that a mountain side is entirely treated by MICP-PVAc
to prevent erosion; however, the MICP-PVAc treatment
is effective to mitigate the surface water erosion. For the
treated loess slopes, water flow can hardly form channels;
therefore, the downcutting effect is too weaker to damage
the structure of loess slopes. In addition, the layer-like film
formed by PVAc can avoid the increase in runoff and erosion
in the lower areas of the slope. In conclusion, the MICP-
PVAc treatment is also beneficial to mitigate landslides.

For the traditional treatment methods (e.g. engineer-
ing interventions, geotextile slope protection, and chemi-
cal treatments) used to maintain the stability of soil slopes,
the engineering interventions had application limitations
and cannot improve the water erosion resistance of loess
slopes. The geotextile slope protection and chemical treat-
ments have negative impact on the environment (Xu et al.
2019). Ecological intervention is beneficial to control land
degradation and mitigate erosion, but the irrigation water
adversely affects the stability of the loess slopes. The MICP-
PVAc method proposed is environmentally friendly and can
quickly and effectively mitigate surface erosion, which has
significant application potential for the mitigation of surface
erosion in loess slopes.

7 Conclusions

Bio-cementation tests were conducted to investigate the
effects of the MICP technology on the improvement of
loess slope surface erosion resistance. MICP treatment
improved erosion resistance, especially the treatment with
6 L/m? of mixed solution (total percentage of eroded loess
soils of 47% and the highest surface strength of 442 kPa).
The soil loss, however, is still large. Therefore, PVAc
addition was proposed to further improve slope stability.
Addition of PVAc had little impact on urease activity and
production rates for CaCO;. The eventual accumulative
loess loss weights of RMP-40 and RMP-60 after 50 min of
exposure to rainfall were only 3.04 and O g, respectively.
The surface strength of loess slope SMP-40 even reached
657 kPa. The high erosion resistance for EICP-PVAc treat-
ment was attributed to (1) the network structure of PVAc
to affix the CaCO; precipitation and (2) the stronger resist-
ance to tension or shear force from PVAc. The method
proposed is effective and efficient for loess slope erosion
control, with promising potential for application in the
field thanks to the limited concentration of PVAc needed
(~40 g/L) cost~2USD/Kg.
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